Abstract-This study proposes a differential-fed microstrip antenna, which is characterized with an ultra-wideband of 120% (3-12 GHz), improved radiation patterns, stable gains, and compact size. Two symmetrical trapezoid shaped slots and four triangle-cut corners on the ground are used to improve the impedance matching over the UWB frequency band. To clarify the improved radiation characteristics, the simulated radiation patterns of the proposed antenna are compared with the conventional singleended feed UWB antennas. The measured results show that, in the entire frequency band, the designed antenna exhibits a stable radiation patterns and the gain variation is less than 2 dB. Furthermore, the polarization purity are increased compared with the conventional ones, especially in the high frequency band.
INTRODUCTION
Due to the advantages of high date rate, great capacity, simplicity, and low cost, ultra-wideband (UWB) short-range wireless technology has been paid more and more attention since the Federal Commercial Commission (FCC) released the frequency band 3.1-10.6 GHz for commercial UWB systems [1] . As an important component of the UWB system, the UWB antenna is required to have the features of simple structure, wide impedance bandwidth (BW), easy integration, stable radiation patterns, and constant gain in the desired direction. Planar antenna, due to its excellent advantages of compact size and easy integration with RF circuits, is one of the most attractive candidates for UWB antennas. So far to now, various planar UWB antennas have been presented, such as circular monopole antenna [2] , rectangular aperture antenna [3] , open slot antenna [4] , fractal bow-tie dipole antenna [5] , multi-mode slotline antenna [6] , self-complementary antenna [7] , and so on. Although these types of antennas can be easily matched over the UWB band, there exists a common deficiency of deterioration of radiation pattern. The radiation patterns of these antennas deviate from the broadside direction in the high frequency band (above 9 GHz), which may cause the mistake for UWB applications that require stable radiation pattern [8, 9] . To alleviate this problem, several techniques have been proposed to improve the radiation pattern of the UWB antenna. In [10] , the mushroom-like electromagnetic band-gap (EBG) structures are employed to increase the gains of the antenna at high frequencies. The strip-loaded wide slot antenna (SWSA) is used to stabilize the radiation pattern across the whole operating frequency band in [11] . However, although the radiation pattern at high frequencies is improved to some extent, the cross-polarization of the antennas is in high level in the H-plane, thus the polarization purity still need to be improved.
In order to reduce the cross polarization, which is caused by the transverse currents of higher-order mode, some efforts have been made by researchers [12] . It is found that higher-order mode, especially higher-odd-mode, can be greatly suppressed when the antenna is symmetrically driven using differential feeding systems [13, 14] . Hence, in this study, a compact differential-fed microstrip antenna is presented and analyzed for UWB applications. Furthermore, due to the differential feeding technique, the balun is not needed when the antenna is driven using differential signals [15] in the differential communication applications. An antenna prototype is fabricated to validate the proposed design strategy. The measured results indicates that the designed antenna exhibits a wideband performance from 3 to 12 GHz for |S d11 | < 10 dB. More importantly, over the entire UWB band, the proposed antenna presents stable omnidirectional radiation patterns in H-plane, with dipole-like radiation patterns in E-plane. By employing differential feeding systems, the cross-polarization level is kept low across the whole operating frequencies, which results in high polarization purity of the antenna. Figure 1 shows the configuration of the proposed antenna which is printed on FR4 substrate with thickness of 1 mm, relative dielectric constant of 4.4, and loss tangent of 0.02. On the top side of the substrate, the differential microstrip feeding lines are etched, loading with two partially cut elliptical patches. The width of the feeding lines are set as 1.86 mm to achieve the characteristic impedance of 50 Ω. For good impedance matching, part of the feeding lines taper from 1.86 to 1 mm. The ground plane is printed on the bottom side of the substrate, and the central part of it is cut by a hexagonshaped slot. A narrow strip is added along the symmetrical line of the antenna, which divides the slot hexagon into two trapezoid slots. That strip, acting as the virtual ground plane, will somewhat reduce the asymmetrical effect. Also, four corners of the ground plane are cut to ameliorate the impedance matching in the high frequency band. The proposed differential-fed antenna has a compact size of 22 mm × 30 mm. Based on the optimized parameters on Table 1 , an antenna prototype is designed and fabricated. 
ANTENNA CONFIGURATION

Evolve Process of the Proposed Antenna
The evolving process of designing the proposed antenna is shown in Fig. 2 . Fig. 3 shows the simulated |S 11 | results of Ant I and II, which indicates both of them satisfy the impedance matching for the entire UWB band (3-11 GHz). Ant I, the conventional circular monopole antenna, mainly comprises a circular radiation patch and a rectangular ground [2] . The corresponding simulated 3D radiation plots are described in Fig. 4 . As can be seen, the radiation pattern is greatly distorted at high frequencies. At 9 and 11 GHz, a null even appears in the main broadside direction (Z-direction), and the main beam deviated from the direction. To solve that problem, a novel modified planar UWB antenna (Ant II) is presented. It can be seen that the circular patch of Ant II is much smaller than that of the conventional one, while a pair of symmetrical parallel open-circuited stubs is extended from the ground plane. The simulated surface current of the Ant II at 11 GHz is shown in Fig. 5 . It can be observed that a significant amount of current is distributed in the symmetrical open-circuited stubs, which can greatly improves the radiation patterns of the antenna at high frequencies. Fig. 6 shows the simulated 3D radiation plots of the modified antenna, which indicate that, at high frequencies, the main beam of the radiation pattern returns back to the broadside direction with the help of the two open-circuited stubs. Also, the simulated radiation patterns in the E-plane and H-plane are shown in Fig. 7 . It indicates that, compared with the conventional antenna, the modified UWB antenna reveals an improved radiation characteristics at high frequencies. However, the cross-polarization level is a little high at high frequencies, especially compared with the co-polarization in the H-plane.
To improve the radiation polarization purity in the high frequency band, the strategy of differentially driven systems is introduced, and the differential-fed Ant IIIA, IIIB, and IIIC are presented. A differential-fed antenna can be regarded as a differential two-port network. Thus, the differential reflection coefficient of the antenna can be defined as which is equivalent to reflection coefficient of the input port of a perfect 180 • divider, while the two output ports are connected to the two input ports of the differential-fed antenna. Fig. 8 shows the simulated active |S d11 | results for Ant IIIA, IIIB, and IIIC. It can be seen that the impedance matching of Ant IIIA in both low and high frequency bands is terrible. Compared with Ant IIIA, four symmetrical triangles are added along the edge stubs of Ant IIIB. The simulated results indicates that, in the low frequency band, the impedance matching of Ant IIIB is greatly improved with the addition of four triangle patches. To further improve the impedance matching at high frequencies, four symmetrical isosceles right triangles are cut from the corners of ground plane. Finally, the differential-fed microstrip antenna (Ant IIIC), with ultra-wide impedance band of 3-12 GHz for |S d11 | < 10 dB, is proposed. To describe the radiation characteristics of proposed Ant IIIC, the simulated 3D radiation plots are shown in Fig. 9 . It can be observed that the main beams of the proposed antenna are stabilized in the broadside direction. To validate the effect of the differential feeding systems, the simulated 2D radiation patterns (E-and H-planes) at 3, 6, 9, and 11 GHz are plotted in Fig. 10 . Obviously, it can be seen that the proposed antenna displays stable omnidirectional radiation patterns in the H-plane and dipole-like radiation patterns in the E-plane across the entire operating frequencies. Most important of all, the cross-polarization levels are greatly reduced compared with that of Ant I and II, especially in the high frequency band. Therefore, due to the employment of the differentially driven strategy, the polarization purity of the proposed antenna (Ant IIIC) is greatly improved.
Key Parameter Study of the Proposed Antenna
To further analyze the structure of the proposed antenna, some key parameters are simulated and discussed. It should be noted that, when one parameter varies, the others are kept unchanged. Fig. 11 shows the simulated |S d11 | results with different values of W r , one side length of the added triangles.
It can be found that the first resonant frequency shifts from 3 to 3.38 GHz as W r increases from 2 to 4 mm, which leads to the improvement of impedance matching in the low frequency band. However, with the decreasing of side length W r , the lowest operating frequency edge increases and the impedance BW may become narrower. The simulated results according to variation of R c is illustrated in Fig. 12 . It indicates that increasing R c would improve the impedance matching at high frequencies; meanwhile, it shifts the lowest operating frequency higher. Thus, the optimal side length (R c = 4 mm) of the triangle cut in the corner is selected, which guarantee the |S d11 | is lower than −10 dB over the entire UWB frequency band. Also, the gap (g) between elliptical patch and the ground plays an important role for the impedance matching of the proposed antenna. Fig. 13 shows the simulated |S d11 | results with different values of g, which indicates optimal impedance matching can be achieved when g equals to 0.5 mm. The simulated results with various minor axis R e and various axis ratio t e (t e = R e /R ei ) are shown in Figs. 14(a) and (b). It can be see that the impedance matching from 3 to 12 GHz is greatly improved when R e = 4 mm and t e = 1.6.
MEASUREMENT RESULTS AND DISCUSSION
Based on the optimized parameters of the proposed differential-fed UWB antenna, the antenna prototype was fabricated on a FR4 substrate. An Agilent N5230A vector network analyzer was used to measure the S-parameters: S 11 , S 22 , S 12 , and S 21 for the proposed antenna. Then the differential reflection coefficient |S d11 | can be obtained using the Equation (1). Fig. 15 displays the simulated and measured results of the designed antenna. It can be observed that the fabricated antenna achieved a wideband performance from 3.1 to 12 GHz for |S d11 | < −10 dB. The discrepancy between measured and simulated results is probably owing to the fluctuation of the dielectric constant or tolerance in process.
In the pattern measurement, because the differentially feeding signal is hard to be implemented directly, a wideband out-of-phase power divider as shown in Fig. 16 is used to measure the radiation characteristics of the differentially driven antenna [16] . As shown in Fig. 17 , the two 180 • output ports (Port 2 and Port 3) of the divider are connected to the two inputs of the designed antenna. The measured radiation patterns in E-and H-planes at 3, 6, 9, 11, and 12 GHz are plotted in Fig. 18 . It can be seen that, over the whole UWB band, the proposed antenna exhibits a stable omnidirectional radiation pattern in the H-plane and dipole-like radiation pattern in the E-plane, and the main beams are consistently stabilized on the broadside direction. Moreover, the measured cross-polarization level of the designed antenna are lower than −20 dB in the entire frequency band. Compared with the antennas aforementioned [2-7, 10, 11] , the polarization purity of the proposed antenna is greatly improved. Fig. 19 shows the simulated and measured gains in the broadside direction. It can be observed that the measured gain variation of the proposed antenna is confined between 2.7 and 4.5 dB, indicating very stable gains compared with the conventional circular monopole antenna (Ant I). All the disagreement above between the simulated and measured results may be result from the imperfect of the anti-phase power divider. 
CONCLUSION
In this study, a compact differential-fed microstrip antenna is presented for UWB communication systems. Due to the symmetrical trapezoid shaped slot on central of the ground plane, the impedance matching is greatly improved in the low frequency band. To further ameliorate the impedance matching at high frequencies, four symmetrical right triangles are cut from the four corners of the ground plane. More importantly, the proposed antenna reveals a stable omnidirectional radiation patterns over the entire UWB frequency band. Meanwhile, due to the differentially driven systems, the cross-polarization is maintained in a low level from 3 to 12 GHz, and polarization purity is high even a. Therefore, the compact size, simple structure, and improved radiation property make the proposed antenna a good candidate for various UWB utilizations.
